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ABSTRACT
We present kinematics of 35 highly r-process-enhanced ([Eu/Fe] ≥ +0.7) metal-poor (−3.8 < [Fe/H]
< −1.4) field stars. We calculate six-dimensional positions and velocities, evaluate energies and inte-
grals of motion, and compute orbits for each of these stars using parallaxes and proper motions from
the second Gaia data release and published radial velocities. All of these stars have halo kinematics.
Most stars (66%) remain in the inner regions of the halo (< 13 kpc), and many (51%) have orbits that
pass within 2.6 kpc of the Galactic center. Several stars (20%) have orbits that extend beyond 20 kpc,
including one with an orbital apocenter larger than the Milky Way virial radius. We apply three clus-
tering methods to search for structure in phase space, and we identify eight groups. No abundances
are considered in the clustering process, but the [Fe/H] dispersions of the groups are smaller than
would be expected by random chance. The orbital properties, clustering in phase space and metal-
licity, and lack of highly r-process-enhanced stars on disk-like orbits indicate that such stars likely
were accreted from disrupted satellites. Comparison with the galaxy luminosity-metallicity relation
suggests MV & −9 for most of the progenitor satellites, characteristic of ultra-faint or low-luminosity
classical dwarf spheroidal galaxies. Environments with low rates of star formation and Fe production,
rather than the nature of the r-process site, may be key to obtaining the [Eu/Fe] ratios found in highly
r-process-enhanced stars.
Keywords: Galaxy: halo — galaxies: dwarf — stars: abundances — stars: kinematics and dynamics —
stars: Population II
1. INTRODUCTION
The heaviest elements found in many metal-poor stars
were produced by the rapid neutron-capture process
(r-process) in earlier generations of stars. Work by
Gilroy et al. (1988) demonstrated that genuine dif-
ferences exist in the overall levels of enhancement of
r-process elements relative to Fe in metal-poor stars.
The recognition of the highly r-process-enhanced star
CS 22892-052 by Sneden et al. (1994) in the HK Survey
of Beers et al. (1992) erased any lingering doubt about
the inhomogeneous distribution of r-process elements in
the environments where metal-poor stars formed. Stars
that exhibit Eu/Fe ratios at least 10 times higher than in
the Sun, like CS 22892-052, comprise only a small frac-
tion (≈ 3%; Barklem et al. 2005) of all metal-poor field
stars, and none are known to be physically associated
with each other (Roederer 2009).
Email: iur@umich.edu
The environmental impact of the r-process—expressed
through the occurrence frequency, distribution, and en-
hancement levels of r-process elements in stars—can
help associate r-process abundance patterns with their
nucleosynthetic origins. Observations of the kilonova as-
sociated with gravitational wave event GW170817 (Ab-
bott et al. 2017a,b) provide the most direct confirmation
that neutron-star mergers are a site capable of producing
heavy elements by r-process nucleosynthesis (e.g., Cow-
perthwaite et al. 2017; Drout et al. 2017; Kasen et al.
2017; Tanvir et al. 2017). The occurrence frequency and
level of r-process enhancement of stars in dwarf galaxies
supports this conclusion (e.g., Ji et al. 2016a; Safarzadeh
& Scannapieco 2017; Tsujimoto et al. 2017), although
those results alone cannot exclude rare classes of super-
novae as an additional site (e.g., Tsujimoto & Nishimura
2015; Beniamini et al. 2016). Chemical evolution models
(Coˆte´ et al. 2018) and simulations (Naiman et al. 2018)
can help generalize this result to r-process production in
the Milky Way. The 244Pu abundance in deep-sea sed-
iments, which can be used to infer the content of this
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r-process-only isotope in the ISM, also points to rare
r-process events like neutron-star mergers (Hotokezaka
et al. 2015; Wallner et al. 2015).
We lack similar, direct knowledge of the birth environ-
ments of highly r-process-enhanced stars in the Milky
Way halo field. An increasing number of these stars are
now known (e.g., Hansen et al. 2018, and other ongo-
ing work by the R-Process Alliance). Their proximity
to the Sun permits detailed abundance inventories to
be derived from optical, ultraviolet, and near-infrared
spectra (e.g., Sneden et al. 1998; Roederer et al. 2012a;
Afs¸ar et al. 2016). Five-parameter astrometric solu-
tions (parallax, right ascension, declination, proper mo-
tion in right ascension, proper motion in declination)
are now available for many of these stars in the second
data release of the Gaia mission (DR2; Lindegren et al.
2018). Line-of-sight velocities based on high-resolution
optical spectroscopy are also available for these stars.
The full space motion of each star can be reconstructed
from these six parameters once a Galactic potential is
adopted. We use these data to examine the kinematic
properties of a large sample of highly r-process-enhanced
field stars for the first time.
We present our sample of highly r-process-enhanced
field stars in Section 2, and we present their astrometric
and velocity data in Section 3. We describe our calcula-
tions of the kinematics in Section 4. We discuss the im-
plications of these calculations in Section 5, and we sum-
marize our conclusions in Section 6. Throughout this
work, we adopt the standard nomenclature: for elements
X and Y, [X/Y] is the abundance ratio relative to the
Solar ratio, defined as log10(NX/NY)− log10(NX/NY).
2. SAMPLE SELECTION
Many highly r-process-enhanced stars have been iden-
tified and analyzed individually over the last 25 years.
Our sample includes stars from the literature which
show at least moderately high levels of r-process en-
hancement relative to Fe, [Eu/Fe] ≥ +0.7; i.e., en-
hanced by a factor of 5 relative to the Solar ratio. Eu-
ropium (Eu, Z = 63) is commonly used as a proxy for
the overall level of r-process enhancement in a star. A
large fraction (≈ 94–98%; Sneden et al. 2008; Bisterzo
et al. 2011) of the Eu in the Solar system originated via
the r-process, despite the fact that both the r-process
and the s-process (slow neutron-capture process) con-
tributed roughly equal amounts to the total mass of el-
ements heavier than the Fe group in the Solar system.
We also require that the heavy-element abundance pat-
tern in each star has been scrutinized in sufficient detail
to determine that the r-process was the dominant source
of the heavy elements (e.g., Sneden et al. 1996). We only
include field stars in our sample, so r-process-enhanced
stars in dwarf galaxies and globular clusters are not con-
sidered.
Table 1 lists the 83 stars satisfying our criteria, along
with the metallicity ([Fe/H]), europium to iron ratio
([Eu/Fe]), europium to hydrogen ratio ([Eu/H]), and the
literature references for these abundances. We only cal-
culate kinematic and orbital properties for the subset
of stars in Table 1 with relatively small uncertainties in
their parallax measurements, as discussed in Section 3.
We retain all 83 stars in Table 1 as a reference, how-
ever, anticipating that better distance estimates will be
available in the future.
We emphasize that the sample in Table 1 is subject to
strong observational biases. Most of these stars were
recognized as being r-process enhanced during high-
resolution spectroscopic followup of metal-poor candi-
dates identified via objective-prism surveys (Bidelman
& MacConnell 1973; Bond 1980; Beers et al. 1985, 1992;
Christlieb et al. 2008). Many observers contributed to
these efforts over the decades, and their decisions of
which stars to observe are somewhat subjective and not
easily quantified.
Table 1. List of Known Highly r-process-Enhanced Field Stars, Sorted
by Decreasing [Eu/Fe] Ratios
Star [Fe/H] [Eu/Fe] [Eu/H] Reference
J235718.91−005247.8 −3.36 1.92 −1.44 Aoki et al. (2010)
HE 1523−0901 −2.95 1.81 −1.14 Frebel et al. (2007)
SMSS J1750460.30−425506.9 −2.17 1.75 −0.42 Jacobson et al. (2015)
CS 29497-004 −2.85 1.67 −1.18 Hill et al. (2017)
J203843.2−002333 −2.91 1.64 −1.27 Placco et al. (2017)
CS 22892-052 −3.10 1.64 −1.46 Sneden et al. (2003)
CS 31082-001 −2.90 1.63 −1.27 Hill et al. (2002)
J14325334−4125494 −2.79 1.61 −1.18 Hansen et al. (2018)
HE 1226−1149 −2.91 1.55 −1.36 Cohen et al. (2013)
J02462013−1518419 −2.71 1.45 −1.26 Hansen et al. (2018)
HE 1219−0312 −2.92 1.38 −1.54 Hayek et al. (2009)
HD 222925 −1.47 1.33 −0.14 Roederer et al. (2018)
J20093393−3410273 −1.99 1.32 −0.67 Hansen et al. (2018)
J21064294−6828266 −2.76 1.32 −1.44 Hansen et al. (2018)
J09544277+5246414 −2.99 1.28 −1.71 Holmbeck et al. (2018)
J15383085−1804242 −2.09 1.27 −0.82 Sakari et al. (2018)
SMSS J183128.71−341018.4 −1.83 1.25 −0.58 Howes et al. (2016)
J21091825−1310062 −2.40 1.25 −1.15 Hansen et al. (2018)
HE 0432−0923 −3.19 1.25 −1.94 Barklem et al. (2005)
CS 31078-018 −2.84 1.23 −1.61 Lai et al. (2008)
HE 0430−4901 −2.72 1.16 −1.56 Barklem et al. (2005)
CS 22183-031 −2.93 1.16 −1.77 Honda et al. (2004)
J23362202−5607498 −2.06 1.14 −0.92 Hansen et al. (2018)
SMSS J155430.57−263904.8 −2.61 1.14 −1.47 Jacobson et al. (2015)
CS 22945-058 −2.71 1.13 −1.58 Roederer et al. (2014a)
CS 22945-017 −2.73 1.13 −1.60 Roederer et al. (2014a)
J02165716−7547064 −2.50 1.12 −1.38 Hansen et al. (2018)
SMSS J183225.29−334938.4 −1.74 1.08 −0.66 Howes et al. (2016)
J19161821−5544454 −2.35 1.08 −1.27 Hansen et al. (2018)
HE 1127-1143 −2.73 1.08 −1.65 Barklem et al. (2005)
J17225742−7123000 −2.42 1.07 −1.35 Hansen et al. (2018)
SMSS J062609.83−590503.2 −2.77 1.06 −1.71 Jacobson et al. (2015)
J18024226−4404426 −1.55 1.05 −0.50 Hansen et al. (2018)
HE 2224+0143 −2.58 1.05 −1.53 Barklem et al. (2005)
CS 22953-003 −2.84 1.05 −1.79 Franc¸ois et al. (2007)
SMSS J175738.37−454823.5 −2.46 1.02 −1.44 Jacobson et al. (2015)
CS 22958-052 −2.42 1.00 −1.42 Roederer et al. (2014a)
SMSS J024858.41−684306.4 −3.71 1.00 −2.71 Jacobson et al. (2015)
J18174532−3353235 −1.67 0.99 −0.68 Johnson et al. (2013)
HE 2301−4024 −2.11 0.98 −1.13 Barklem et al. (2005)
HE 2327−5642 −2.78 0.98 −1.80 Mashonkina et al. (2010)
Table 1 continued
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Table 1 (continued)
Star [Fe/H] [Eu/Fe] [Eu/H] Reference
CS 29491-069 −2.55 0.96 −1.59 Hayek et al. (2009)
SMSS J181505.16−385514.9 −3.29 0.96 −2.33 Howes et al. (2015)
HE 2244−1503 −2.88 0.95 −1.93 Barklem et al. (2005)
SMSS J051008.62−372019.8 −3.20 0.95 −2.25 Jacobson et al. (2015)
SMSS J221448.33−453949.9 −2.56 0.94 −1.62 Jacobson et al. (2015)
HE 1044−2509 −2.89 0.94 −1.95 Barklem et al. (2005)
J19014952−4844359 −1.87 0.93 −0.94 Hansen et al. (2018)
CS 22875-029 −2.69 0.92 −1.77 Roederer et al. (2014a)
BD +17◦3248 −2.06 0.91 −1.15 Cowan et al. (2002)
J19324858−5908019 −1.93 0.90 −1.03 Hansen et al. (2018)
CS 29529-054 −2.75 0.90 −1.85 Roederer et al. (2014a)
J21224590−4641030 −2.96 0.90 −2.06 Hansen et al. (2018)
J15582962−1224344 −2.54 0.89 −1.65 Hansen et al. (2018)
SMSS J063447.15−622355.0 −3.41 0.89 −2.52 Jacobson et al. (2015)
HE 1131+0141 −2.48 0.87 −1.61 Barklem et al. (2005)
J00405260−5122491 −2.11 0.86 −1.25 Hansen et al. (2018)
CS 22888-047 −2.54 0.86 −1.68 Roederer et al. (2014a)
CS 22943-132 −2.67 0.86 −1.81 Roederer et al. (2014a)
CS 22896-154 −2.69 0.86 −1.83 Franc¸ois et al. (2007)
CS 30306-132 −2.42 0.85 −1.57 Honda et al. (2004)
CS 22886-012 −2.61 0.85 −1.76 Roederer et al. (2014a)
HD 115444 −2.96 0.85 −2.11 Westin et al. (2000)
SMSS J183647.89−274333.1 −2.48 0.82 −1.66 Howes et al. (2015)
CS 22882-001 −2.62 0.81 −1.81 Roederer et al. (2014a)
HE 2252−4225 −2.63 0.81 −1.82 Mashonkina et al. (2014)
HD 20 −1.58 0.80 −0.78 Barklem et al. (2005)
HD 221170 −2.18 0.80 −1.38 Ivans et al. (2006)
HE 0420+0123a −3.03 0.79 −2.24 Hollek et al. (2011)
HE 0300−0751 −2.27 0.77 −1.50 Barklem et al. (2005)
J21095804−0945400 −2.73 0.77 −1.96 Hansen et al. (2018)
J19232518−5833410 −2.08 0.76 −1.32 Hansen et al. (2018)
J19215077−4452545 −2.56 0.74 −1.80 Hansen et al. (2018)
SMSS J195931.70−643529.3 −2.58 0.74 −1.84 Jacobson et al. (2015)
J17435113−5359333 −2.24 0.73 −1.51 Hansen et al. (2018)
HE 0240−0807 −2.68 0.73 −1.95 Barklem et al. (2005)
BS 17569-049 −2.88 0.72 −2.16 Franc¸ois et al. (2007)
HE 1430+0053 −3.03 0.72 −2.31 Barklem et al. (2005)
CS 30315-029 −3.33 0.72 −2.61 Barklem et al. (2005)
J01530024−3417360 −1.50 0.71 −0.79 Hansen et al. (2018)
J15271353−2336177 −2.15 0.70 −1.45 Hansen et al. (2018)
J18294122−4504000 −2.48 0.70 −1.78 Hansen et al. (2018)
SMSS J182601.24−332358.3 −2.83 0.70 −2.13 Howes et al. (2016)
Our definition of a highly r-process-enhanced star dif-
fers slightly from that found in the literature. The
common “r-II” designation (Beers & Christlieb 2005)
refers to stars with [Eu/Fe] > +1.0 and [Ba/Eu] < 0,
while the “r-I” designation refers to stars with more
moderate enhancement, +0.3 ≤ [Eu/Fe] ≤ +1.0 and
[Ba/Eu] < 0. The boundaries defining these classifica-
tions are arbitrary. Our choice of [Eu/Fe] ≥ +0.7 is
motivated by the upper envelope of [Eu/Fe] ≈ +0.6
found in most globular clusters (e.g., Gratton et al.
2004), kinematically-selected samples of disk stars (e.g.,
Venn et al. 2004; Battistini & Bensby 2016), and stars
toward the Galactic bulge (e.g., Johnson et al. 2012).
[Eu/Fe] ≥ +0.7 may represent a more natural and phys-
ically interpretable lower limit for the class of highly
r-process-enhanced stars than the [Eu/Fe] > +1.0 crite-
rion commonly adopted for r-II stars, as we discuss in
Section 5.4.
Figure 1 displays the [Eu/H] and [Eu/Fe] ratios for
stars in our sample. [Eu/H] provides an estimate of the
amount of dilution of r-process material into gas, and
[Eu/Fe] provides an estimate of the amount of r-process
material relative to the amount of Fe and other met-
als from supernovae. The r-process-enhanced stars in
Reticulum II (Ret II; Ji et al. 2016b; Roederer et al.
2016), the one known highly r-process-enhanced galaxy,
are shown for comparison. These stars span a range of
≈ 1 dex in [Eu/H], [Eu/Fe], and [Fe/H], indicating that
stars within an individual dwarf galaxy exhibit different
levels of r-process enrichment from a single r-process
event. Figure 2 illustrates a Teff -log g diagram for the
stars in our sample. These stars span a range of evo-
lutionary states, from main sequence stars to the red
horizontal branch.
3. INPUT KINEMATIC DATA
Table 2 lists the Gaia DR2 source ID, parallax ($),
proper motions (µα cos δ, µδ), distance, heliocentric ra-
dial velocity (RV), and 1σ uncertainties for each of these
quantities. The $, µα cos δ, and µδ values are adopted
from Gaia DR2 (Lindegren et al. 2018). The distances
reported in Table 2 are adopted from Bailer-Jones et al.
(2018) and are based on Gaia DR2 parallaxes. Litera-
ture references are given for the RV measurements from
high-resolution optical spectroscopy. We estimate the
RV uncertainty based on the data quality when previous
studies did not explicitly state this value. The systemic
RV is listed for known RV-variable stars, when available
(e.g., Hansen et al. 2015). The Gaia RV measurements
agree with literature values to within ≈ 2–3 km s−1.
We impose a parallax cut on our sample, requiring
that $/σ$ ≥ 8.0 (i.e., 12.5% errors or better). We de-
termine this value empirically, and larger parallax uncer-
tainties generally yield orbital properties and integrals
of motion (Section 4) that are highly uncertain. Thirty-
five stars pass this cut for further examination. These
stars represent a local sample, as shown in Figure 3.
The median distance is 1.6 kpc, and 80% of the sample
is located within 3 kpc of the Sun.
4. ENERGY, ACTIONS, AND ORBITAL
CALCULATIONS
We convert the observed astrometric quantities into
orbital parameters and integrals of motion for each star
in our sample. We assume that the Sun is on the Galac-
tic plane (Bovy 2017) and is R0 = 8.0 kpc away from
the Galactic center. We also assume that the circular
velocity at the Solar position is v0 = 220 km s
−1 and the
Solar peculiar velocity relative to the circular velocity is
(U, V,W) = (11.1, 12.24, 7.25) km s−1 (Scho¨nrich
et al. 2010). We adopt the realistic gravitational po-
tential model MWPotential2014 (Bovy 2015), which as-
sumes a virial mass of 0.8× 1012 M. Our calculations
account for the correlations between µα cos δ and µδ, $
and µα cos δ, and $ and µδ as reported by Gaia DR2.
We sample 103 sets of ($, `, b, RV, µα cos δ, µδ) from
the error distribution of each quantity for each star,
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Figure 1. The [Eu/H] ratio (top) and [Eu/Fe] ratio (bot-
tom) as a function of [Fe/H] for stars included in our sam-
ple. Stars meeting our parallax requirement, $/σ$ ≥ 8.0,
are indicated by filled circles. All other highly r-process-
enhanced stars are indicated by open circles. The yellow
crosses mark stars in the Ret II UFD galaxy. The small gray
points mark other stars from Barklem et al. (2005), Roederer
et al. (2014b), Jacobson et al. (2015), Battistini & Bensby
(2016), and Hansen et al. (2018). The dashed line marks
the lower limit of [Eu/Fe] ≥ +0.7 for inclusion in our sam-
ple. The dotted line in the bottom panel marks the Solar
[Eu/Fe] ratio.
where the uncertainties in ` and b (Galactic longitude
and latitude, respectively) are negligible. This exercise
yields 103 samples of the six-dimensional positions and
velocities for each star. We use the publicly-available
Agama code (Vasiliev 2018) to calculate the correspond-
ing stellar orbits over 3 Gyr for each sample, yield-
ing pericentric radius (rperi), apocentric radius (rapo),
4000500060007000
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Figure 2. Location of the 83 stars in our sample on a
Teff -log g diagram. Stars meeting our parallax requirement,
$/σ$ ≥ 8.0, are indicated by filled circles. All other highly
r-process-enhanced stars are indicated by open circles. The
red line is a 13 Gyr isochrone for a metal-poor ([Fe/H] =
−2.5), α-enhanced ([α/Fe] = +0.4) stellar population with
a standard He mass fraction (0.2452) downloaded from the
Dartmouth Stellar Evolution Database (Dotter et al. 2008).
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Figure 3. Histogram of estimated distances (Bailer-Jones
et al. 2018) to the 35 highly r-process-enhanced stars in our
sample.
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maximum height above or below the Galactic midplane
(Zmax), and eccentricity (e = (rapo − rperi)/(rapo +
rperi)). We also use Agama, which implements an effi-
cient algorithm by Binney (2012), to evaluate the inte-
grals of motion. This yields the specific orbital energy
(E = (1/2)v2 + Φ(x); hereafter “energy”) and three-
dimensional action (J = (Jr, Jφ, Jz)). We define the
radial and vertical actions, Jr and Jz, in the same man-
ner as Binney (2012). Jr is defined to be non-negative,
and its value can be interpreted as the extent of the ra-
dial excursion of an orbit. For a given E, Jr = 0 for
circular orbits or shell-like orbits, and Jr is large for ec-
centric orbits. Jz is also non-negative, and its value can
be interpreted as the extent of the vertical excursion of
an orbit. For example, Jz = 0 for planar orbits, and
Jz is large for orbits with large Zmax. We define the
azimuthal action by
Jφ =
1
2pi
∮
orbit
dφ RVφ = −Lz, (1)
such that prograde stars have Jφ > 0 and Vφ > 0. Note
that pi ' 3.14 is a mathematical constant, and$ denotes
the parallax.
Table 3 lists, for each star meeting our $/σ$ ≥ 8.0
requirement, the calculated median velocities in a cylin-
drical coordinate system (VR, Vφ, Vz) and V⊥, defined as
(V 2R+V
2
z )
1/2. Table 4 lists the calculated median actions
(Jr, Jφ, Jz) and energy (E). Table 5 lists the calculated
median values for rperi, rapo, Zmax, and e. The columns
indicated by a minus or plus sign represent the difference
between the median and the 16th and 84th percentiles
(analogous to the 1σ range) of each quantity.
5. DISCUSSION
5.1. Kinematic and Orbital Properties of Highly
R-Process-Enhanced Stars in the Solar
Neighborhood
In this section, we discuss general kinematic and or-
bital properties of the ensemble of highly r-process-
enhanced stars and highlight characteristics of a few in-
dividual stars. Figure 4 shows the relationships between
[Fe/H] and our calculated orbital and kinematic prop-
erties. Different symbol shapes and colors are used in
Figure 4 to indicate the different groups of stars iden-
tified by our clustering analysis (Section 5.2). For now,
we disregard these classifications.
None of the stars in our sample have disk-like kine-
matics, as shown in Figure 5. For comparison, Figure 5
also shows a sample of 10,385 disk stars located within
200 pc of the Sun with −0.25 < [Fe/H] < +0.25 (cf.
Hattori et al. 2018a), selected from the Tycho-Gaia As-
trometric Solution (TGAS; Lindegren et al. 2016) and
RAdial Velocity Experiment (RAVE DR5; Kunder et al.
2017). There is virtually no velocity overlap between
these disk stars and the highly r-process-enhanced stars.
If the stars in our sample are not on disk-like orbits, then
presumably they must have been formed in situ in the
halo, formed in the disk or bulge and ejected into halo
orbits, or accreted. We argue in Section 5.4 that the
accretion origin is likely for most of these stars.
All of the highly r-process-enhanced stars in our sam-
ple are bound to the Milky Way (E < 0; see Figure 4).
There are roughly equal numbers of stars moving toward
(VR < 0) and away from the Galactic center (VR > 0),
and there are roughly equal numbers of stars moving
north (Vz > 0) and south (Vz < 0) as they pass through
the Galactic disk. There are also roughly equal num-
bers of stars on prograde (Vφ or Jφ > 0) and retrograde
(Vφ or Jφ < 0) orbits, and the net rotation for this
sample of 35 stars is consistent with zero (unweighted
mean Vφ = 7 ± 24 km s−1, with standard deviation
142 km s−1). The relative balance in these quantities
would indicate that phase-mixing has occurred among
an accreted population.
Most of the stars in our sample always remain in the
inner regions of the Galactic halo. Figure 6 shows his-
tograms of their rperi, rapo, and Zmax values. Many of
the stars (77%) are on eccentric (e > 0.5), radial orbits,
and 66% of the stars have rapo < 13 kpc, indicating that
they are at or near apocenter while in the Solar Neigh-
borhood. More than 51% of the stars pass within 2.6 kpc
of the Galactic center at pericenter, and 20% of the sam-
ple passes within 1 kpc. Most of the stars (71%) travel
at least 3 kpc above or below the Galactic plane, and
20% of the stars orbit beyond rapo or Zmax > 20 kpc.
The star in our sample with the highest energy,
SMSS J024858.41−684306.4 ([Fe/H] = −3.71, [Eu/H] =
−2.71, [Eu/Fe] = +1.00; Jacobson et al. 2015), is only
loosely bound to the Milky Way. Its orbital properties
lie well beyond several of the axes shown in Figure 4,
with rapo = 434
+140
−138 kpc and Zmax = 151
+61
−53 kpc. This
orbit extends well beyond the Milky Way virial ra-
dius (≈ 280 kpc; Bland-Hawthorn & Gerhard 2016),
and it may be on its first infall. Another star,
CS 29491-069 ([Fe/H] = −2.55, [Eu/H] = −1.59,
[Eu/Fe] = +0.96; Hayek et al. 2009), also has orbital
properties too large for Figure 4, with rapo = 63
+35
−15 kpc
and Zmax = 48
+22
−10 kpc. While our work was in the final
stages of preparation, Hawkins & Wyse (2018) pre-
sented an abundance analysis of several high-velocity
stars, including two stars with [Eu/Fe] ≥ +0.7 that
appear to have r-process signatures. The kinematics
of one of these stars, Gaia DR2 2233912206910720000
([Fe/H] = −1.72, [Eu/H] = −0.61, [Eu/Fe] = +1.11),
were examined by Hattori et al. (2018b), who found
that it has only a 16% chance of being bound to the
Milky Way. Whether or not it is bound, it has a high
eccentricity and travels several hundred kpc from the
Galactic center. High levels of r-process enhancement
may be found in stars formed with a wide range of ini-
tial separations from the Milky Way, not just those that
formed in the inner regions of the halo.
6 Roederer et al.
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Table 3. Calculated Velocities in a Cylindrical Coordinate System
Star VR − + Vφ − + Vz − + V⊥ − +
(km s−1) (km s−1) (km s−1) (km s−1)
J235718.91−005247.8 −118.3 5.7 5.6 −154.4 18.4 17.6 −204.7 10.6 10.2 236.4 11.5 12.1
CS 29497-004 153.2 23.7 37.2 145.7 21.8 13.4 −114.2 3.9 2.5 191.0 20.1 33.1
CS 31082-001 −130.6 14.0 12.2 −161.6 34.5 30.2 −193.3 5.7 5.1 233.3 10.9 12.7
HD 222925 246.9 4.3 4.8 −52.2 5.6 5.0 68.5 0.7 0.7 256.2 4.3 4.8
J21064294−6828266 56.9 3.5 4.8 100.8 15.8 12.8 142.9 7.4 9.0 153.8 8.0 10.2
J09544277+5246414 161.9 23.3 25.8 −237.0 65.0 55.3 −119.4 11.0 9.4 201.2 23.8 27.6
J15383085−1804242 −52.3 3.2 3.5 −88.0 13.2 11.8 96.3 1.0 1.1 109.6 0.7 0.8
J21091825−1310062 −84.4 14.6 11.7 −52.2 24.0 20.8 −102.8 13.2 11.1 133.2 16.0 19.3
CS 31078-018 91.2 2.4 2.7 99.3 9.1 7.9 −28.8 1.2 1.4 95.6 1.9 2.2
HE 0430−4901 98.4 7.6 9.7 68.8 2.0 2.1 −71.4 6.3 7.9 121.9 3.1 4.2
CS 22945-058 158.5 12.2 15.0 −6.1 14.5 12.0 41.4 3.0 3.7 163.9 12.7 15.4
CS 22945-017 85.9 7.3 8.3 114.8 3.4 3.1 −121.9 2.8 2.5 149.0 5.9 7.3
J02165716−7547064 −194.0 56.5 34.2 240.9 25.4 9.2 −46.5 16.7 10.3 199.5 35.7 59.0
SMSS J062609.83−590503.2 −126.1 15.5 12.4 280.4 13.3 9.2 109.0 9.2 15.2 166.9 15.4 21.8
HE 2224+0143 5.0 6.7 4.7 36.1 16.0 11.9 −17.0 15.1 11.0 18.1 6.2 14.0
CS 22953-003 −274.9 17.9 18.2 −154.7 87.0 51.7 31.1 28.8 45.4 277.1 19.9 26.7
CS 22958-052 155.0 8.3 8.6 92.3 3.7 3.7 −26.1 1.8 2.1 157.2 7.8 8.2
SMSS J024858.41−684306.4 −255.4 45.5 34.9 336.1 24.6 16.2 222.0 5.8 7.4 338.3 29.6 40.4
HE 2327−5642 156.9 67.4 125.0 −138.9 31.3 36.7 −230.3 1.3 1.2 279.1 32.2 85.4
CS 29491-069 157.0 4.7 3.6 −262.2 47.9 40.3 271.5 6.5 5.8 313.6 7.9 6.8
SMSS J051008.62−372019.8 43.6 4.1 3.5 −114.4 4.2 3.6 −175.1 1.4 1.6 180.5 2.4 2.2
BD +17◦3248 37.5 2.1 1.9 −8.6 4.9 4.7 68.1 3.9 3.9 77.8 2.4 2.6
CS 29529-054 −93.1 2.9 2.5 20.0 6.2 5.2 64.4 5.1 6.1 113.1 4.8 6.0
J15582962−1224344 −47.2 3.2 4.1 156.6 8.2 6.3 110.4 5.6 6.8 120.0 3.8 5.0
J00405260−5122491 20.9 0.4 0.4 2.8 1.1 1.2 −53.6 0.4 0.4 57.5 0.2 0.2
CS 22943-132 66.4 1.7 1.9 158.3 1.4 1.2 −135.0 2.5 2.4 150.4 2.8 3.0
CS 22896-154 −6.3 21.1 32.9 −209.3 52.7 42.8 38.6 10.7 13.9 41.6 3.6 17.3
HD 115444 −166.1 5.2 5.2 52.0 5.8 5.4 16.6 1.2 1.3 166.9 5.3 5.3
HD 20 234.0 4.7 4.9 −7.4 4.9 4.6 6.2 1.2 1.1 234.1 4.7 4.9
HD 221170 −128.3 1.9 2.1 102.0 0.5 0.4 −33.2 2.0 2.1 132.5 2.5 2.4
HE 0420+0123a −56.3 0.9 0.8 44.5 9.5 8.2 107.8 2.9 3.5 121.6 2.7 3.3
J19232518−5833410 −125.6 1.6 2.4 −50.1 22.5 20.5 141.6 16.0 17.6 189.2 10.5 12.1
HE 1430+0053 183.7 18.5 25.0 −164.3 60.1 48.1 −45.1 4.0 5.3 189.2 16.7 23.3
J01530024−3417360 −189.0 2.1 2.2 −26.0 3.1 3.2 26.0 0.6 0.6 190.8 2.3 2.2
J15271353−2336177 56.4 0.5 0.4 78.8 1.0 0.8 50.1 0.3 0.3 75.4 0.4 0.5
Note—The − and + columns indicate the 16th percentile and 84th percentile confidence intervals
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Table 4. Calculated Orbital Energies and Angular Momenta
Star E − + Jr − + Jφ − + Jz − +
(103 km2 s−2) (kpc km s−1) (kpc km s−1) (kpc km s−1)
J235718.91−005247.8 −91.8 5.2 5.9 264 80.4 142 −1210 148 141 760 27.7 28.2
CS 29497-004 −94.0 3.1 6.4 608 176 352 1150 176 110 254 14.2 41.7
CS 31082-001 −86.1 7.3 9.6 291 146 333 −1340 302 261 947 4.8 13.3
HD 222925 −98.2 1.3 1.5 1080 18.0 23.6 −378 43.8 38.9 90.4 2.6 2.8
J21064294−6828266 −120 0.3 0.6 58.3 3.9 2.1 692 116 96.5 420 64.5 93.1
J09544277+5246414 −70.1 17.4 25.0 882 592 2600 −2360 745 605 527 61.5 86.8
J15383085−1804242 −127 0.7 0.9 222 41.5 38.4 −599 90.0 81.0 146 1.3 1.4
J21091825−1310062 −128 2.4 3.8 265 87.9 93.8 −320 149 133 293 68.4 80.6
CS 31078-018 −114 0.2 0.3 375 37.0 45.0 938 76.1 65.2 26.4 0.6 0.8
HE 0430−4901 −115 1.0 1.4 473 32.1 40.6 634 20.0 20.0 106 14.1 15.4
CS 22945-058 −120 1.9 2.7 704 25.8 21.7 −16.5 105 87.7 106 18.8 26.5
CS 22945-017 −115 0.4 0.6 197 21.2 25.5 880 28.8 26.8 220 8.4 9.4
J02165716−7547064 −77.8 6.3 11.8 827 265 677 1760 142 59.8 445 164 407
SMSS J062609.83−590503.2 −66.6 2.3 4.2 1230 148 297 2670 32.4 77.0 183 34.5 62.8
HE 2224+0143 −130 0.1 0.5 439 37.5 44.0 293 120 90.8 77.0 14.6 30.4
CS 22953-003 −77.5 13.3 27.0 1350 410 2210 −1060 588 354 404 45.3 155
CS 22958-052 −114 0.9 1.0 510 38.1 41.3 759 29.3 29.3 22.6 0.7 1.0
SMSS J024858.41−684306.4 −13.4 5.2 7.7 24200 7770 31300 2580 181 123 343 7.4 4.4
HE 2327−5642 −80.6 14.8 37.0 1260 713 3930 −788 117 182 592 110 273
CS 29491-069 −51.5 7.6 11.1 2970 916 2030 −1740 281 246 1080 89.4 105
SMSS J051008.62−372019.8 −106 0.2 0.3 59.9 7.7 6.4 −936 38.5 32.3 650 17.4 15.6
BD +17◦3248 −132 0.1 0.1 566 31.9 20.5 −36.3 36.2 35.0 57.8 8.1 9.1
CS 29529-054 −124 0.4 0.6 596 18.8 22.0 190 49.4 41.4 58.5 9.9 13.8
J15582962−1224344 −123 1.9 1.5 21.3 1.7 2.0 943 84.0 67.4 193 22.4 28.9
J00405260−5122491 −130 0.1 0.1 608 7.3 6.2 52.2 8.8 9.8 33.0 0.6 0.6
CS 22943-132 −109 0.2 0.2 73.0 3.3 3.9 1240 11.5 10.7 251 10.7 11.4
CS 22896-154 −124 6.6 11.8 25.8 22.3 79.5 −1110 192 185 90.1 26.2 49.6
HD 115444 −115 0.6 0.6 665 34.2 36.9 446 46.2 43.0 27.7 2.6 3.1
HD 20 −104 1.1 1.2 1210 26.7 16.5 −28.9 38.6 36.2 10.8 0.1 0.1
HD 221170 −116 0.3 0.3 393 5.2 5.4 858 3.5 3.2 15.8 1.9 2.1
HE 0420+0123a −117 0.2 0.2 387 21.8 23.4 432 83.3 71.2 285 30.9 42.2
J19232518−5833410 −123 1.9 2.8 397 75.5 82.9 −288 129 124 259 58.9 64.8
HE 1430+0053 −105 9.5 16.3 322 38.6 275 −975 300 266 314 52.2 96.4
J01530024−3417360 −113 0.5 0.5 895 3.1 4.2 −178 24.6 25.5 6.1 0.2 0.2
J15271353−2336177 −126 0.1 0.1 334 2.8 3.5 650 7.6 6.3 24.6 0.3 0.4
Note—The − and + columns indicate the 16th percentile and 84th percentile confidence intervals
5.2. Clustering Analysis
In this section we investigate whether any subsets of
highly r-process-enhanced stars could have formed to-
gether in individual satellites that were subsequently
disrupted by the Milky Way. Simulations of satellite dis-
ruption indicate that structure remains in phase space
after many Gyr of evolution (Helmi & de Zeeuw 2000;
Font et al. 2006; Go´mez et al. 2010). This structure
may be distinguished in a Lindblad diagram (E versus
Lz, the z component of the angular momentum), despite
the fact that individual particles would be smoothly
distributed across the sky when viewed from the So-
lar Neighborhood. Particles from an individual satel-
lite are not single-valued in E or Lz, but they exhibit
a small, characteristic spread (e.g., figure 4 of Go´mez
et al.). Jean-Baptiste et al. (2017) raised concerns about
using kinematics as the only tracer of structure in phase
space, because multiple structures can overlap. Further-
more, structure may not be uniquely identified with an
accreted component in galaxies with active merger histo-
ries and relatively massive companions with small peri-
centric radii. The Milky Way’s merger history is not so
active, and our study alleviates these concerns by using
a chemically-selected sample.
We search for structure among the highly r-process-
enhanced stars in our sample using energy (E) and ac-
tions (Jr, Jφ, Jz). Energy is conserved as long as the
potential of the Milky Way is static, and Go´mez et al.
(2010) showed that stars stripped from the same satellite
remain clumped in E even in a realistic time-dependent
potential. The actions are insensitive to the slow, adia-
batic time-dependence of the potential. The azimuthal
action Jφ (= −Lz) is conserved even if the potential is
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Table 5. Calculated Orbital Parameters
Star rperi − + rapo − + Zmax − + e − +
(kpc) (kpc) (kpc)
J235718.91−005247.8 6.60 0.43 0.32 15.9 2.41 3.40 12.0 1.88 2.48 0.414 0.041 0.059
CS 29497-004 3.71 0.71 0.56 16.9 1.81 3.89 8.24 1.27 2.94 0.641 0.081 0.109
CS 31082-001 7.86 0.38 0.21 18.5 4.11 7.29 14.6 2.68 4.80 0.403 0.088 0.120
HD 222925 0.99 0.07 0.07 16.6 0.52 0.64 5.28 0.08 0.09 0.888 0.003 0.004
J21064294−6828266 3.96 0.10 0.18 7.19 0.06 0.06 5.20 0.43 0.52 0.289 0.016 0.010
J09544277+5246414 8.67 1.30 0.79 30.6 13.2 43.2 16.9 6.96 20.1 0.559 0.152 0.213
J15383085−1804242 2.02 0.32 0.39 7.42 0.05 0.05 3.21 0.10 0.10 0.571 0.065 0.058
J21091825−1310062 1.57 0.83 0.85 7.28 0.12 0.22 5.23 0.08 0.28 0.644 0.133 0.168
CS 31078-018 2.56 0.27 0.24 10.4 0.09 0.11 1.41 0.04 0.05 0.605 0.032 0.037
HE 0430−4901 1.81 0.08 0.11 10.5 0.37 0.44 3.53 0.18 0.23 0.706 0.012 0.012
CS 22945-058 0.17 0.10 0.20 9.72 0.22 0.52 4.55 0.41 0.33 0.965 0.037 0.020
CS 22945-017 3.30 0.14 0.14 9.20 0.20 0.26 4.58 0.21 0.26 0.472 0.025 0.027
J02165716−7547064 6.27 0.05 0.25 25.9 4.80 12.1 14.6 5.01 13.2 0.611 0.068 0.095
SMSS J062609.83−590503.2 8.04 0.07 0.21 36.4 2.78 5.58 11.6 1.85 3.64 0.638 0.021 0.034
HE 2224+0143 1.10 0.35 0.03 7.76 0.04 0.23 2.80 0.08 0.28 0.752 0.008 0.077
CS 22953-003 3.36 1.01 1.31 26.8 8.02 33.2 16.2 4.39 19.6 0.783 0.009 0.075
CS 22958-052 1.92 0.10 0.10 11.0 0.31 0.34 1.34 0.06 0.07 0.703 0.021 0.021
SMSS J024858.41−684306.4 5.71 0.62 0.44 434 138 140 151 53.0 60.9 0.974 0.015 0.008
HE 2327−5642 3.02 0.21 0.64 23.0 8.07 31.8 16.9 3.89 21.2 0.770 0.168 0.129
CS 29491-069 6.89 0.03 0.07 62.9 15.2 34.6 48.5 9.59 22.1 0.803 0.054 0.064
SMSS J051008.62−372019.8 6.04 0.14 0.18 9.93 0.07 0.07 7.71 0.17 0.16 0.244 0.017 0.013
BD +17◦3248 0.13 0.08 0.11 7.74 0.00 0.00 3.43 2.06 0.09 0.967 0.027 0.021
CS 29529-054 0.56 0.03 0.02 8.96 0.08 0.13 3.63 1.87 0.04 0.884 0.006 0.005
J15582962−1224344 4.47 0.21 0.16 6.31 0.28 0.26 3.02 0.14 0.17 0.173 0.004 0.004
J00405260−5122491 0.13 0.03 0.02 8.12 0.01 0.08 1.05 0.01 0.02 0.969 0.004 0.007
CS 22943-132 5.43 0.03 0.03 9.41 0.07 0.08 4.65 0.14 0.15 0.268 0.006 0.007
CS 22896-154 4.93 1.41 0.48 6.05 0.21 2.76 1.78 0.25 1.40 0.184 0.114 0.172
HD 115444 1.05 0.12 0.11 11.0 0.18 0.20 1.43 0.10 0.12 0.826 0.020 0.020
HD 20 0.19 0.02 0.04 14.7 0.38 0.43 1.34 0.02 0.01 0.975 0.004 0.002
HD 221170 2.26 0.01 0.02 10.1 0.08 0.06 0.93 0.07 0.10 0.634 0.005 0.003
HE 0420+0123a 1.61 0.13 0.18 9.57 0.06 0.10 6.10 0.51 0.57 0.713 0.030 0.021
J19232518−5833410 1.04 0.52 0.66 8.57 0.14 0.29 5.40 0.67 0.62 0.784 0.105 0.100
HE 1430+0053 3.73 1.11 0.93 12.0 2.26 6.89 6.86 1.36 4.39 0.555 0.024 0.088
J01530024−3417360 0.38 0.06 0.05 11.9 0.12 0.13 0.69 0.02 0.02 0.938 0.008 0.008
J15271353−2336177 1.75 0.02 0.02 8.23 0.00 0.00 1.08 0.01 0.01 0.648 0.003 0.004
Note—The − and + columns indicate the 16th percentile and 84th percentile confidence intervals
rapidly changing, as long as the potential remains ax-
isymmetric.
We apply four clustering methods using the implemen-
tation from the scikit-learn python package: K-means
(Lloyd 1982; Arthur & Vassilvitskii 2007), agglomerative
(Ward 1963), affinity propagation (Frey & Dueck 2007),
and mean-shift clustering (Comaniciu 2002). All four
methods automatically assign each star to be a member
of a cluster, although a cluster may consist of only one
star. We adjust the clustering parameter values (number
of clusters to be found, metric to be minimized, etc.) so
that the resulting clusters appear reasonably coherent.
Quantitative evaluations of the clusters (the silhouette
coefficient, Rousseeuw 1987; or the Calinski-Harabasz
Index, Calinski & Harabasz 1974) fail to distinguish pre-
cise values for the number of clusters or other parame-
ters beyond general ranges. Typically ≈ 8–12 clusters
are preferred, including single-star clusters. We test the
reproducibility of these clustering methods by repeat-
edly drawing from the input error distributions and re-
computing the clusters. The K-means method is highly
sensitive to these draws, resulting in unstable cluster
membership from one draw to another, so we discard
the K-means method from further consideration. The
other three methods are stable against the input draws,
with only 1–2 stars changing cluster membership < 10%
of the time.
Figure 7 illustrates our adopted clustering results from
the three methods. Only the relationship between E and
Jφ is shown, although the clustering has been performed
for E, Jr, Jφ, and Jz. Each set of symbols in each panel
represents one cluster. A few points are worth men-
tioning. First, the stars with lower values of E overlap
more than stars with higher E, so cluster definitions are
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Figure 4. Calculated orbital and kinematic properties of groups of field r-process-enhanced stars as functions of [Fe/H]. Each
group of stars is indicated by a different symbol/color combination, as shown in Figure 8 and discussed in Section 5.2. The error
bars on the orbital and kinematic quantities represent the 16th and 84th percentiles of the distributions, and the error bars on
[Fe/H] show a representative typical 0.10 dex uncertainty.
more challenging in this region of the diagram. Secondly,
there are relatively few stars with high E values, so these
stars are commonly identified as the single members of
their clusters. Thirdly, although the membership of in-
dividual clusters differs from one method to another,
some subsets of stars are always grouped together.
We associate 25 of the 35 stars into eight groups for
which the three clustering methods all agree. These
groups range in membership from two to four stars each,
and they are illustrated in Figures 4 and 8 and listed
in Table 6. We assert that the cluster candidates il-
lustrated in Figure 8 offer a more reprsentative, con-
servative expression of the data than the results of any
individual clustering method. The behavior of the can-
didate clusters resembles the extended structures in E
and Jφ (or Lz) predicted by simulations, as shown in
figure 4 of Go´mez et al. (2010). The 10 stars that could
not be conclusively assigned to these groups are shown
as small white circles in Figure 8.
5.3. Evaluating the Groups Using Stellar Abundances
No chemical information is considered in the cluster-
ing process, so the stellar abundances can be used to
evaluate group membership. Visual inspection of Fig-
ure 4 suggests that the groups span a small range of
[Fe/H] values relative to the full sample of 35 stars
(≈ 2.2 dex). The group [Fe/H] ranges span 0.10 to
0.65 dex with dispersions 0.04 to 0.30 dex. For compar-
ison, the seven highly r-process-enhanced stars in Ret II
whose abundances have been studied span a range in
[Fe/H] of 0.93 dex with a dispersion of 0.35 dex (Ji et al.
2016b). The typical statistical (systematic) uncertain-
ties of [Fe/H] ratios are ≈ 0.1 (0.2) dex, so the small-
est group [Fe/H] dispersions may represent upper limits.
The small dispersions could signal that our groups rep-
resent remnants of individual dwarf galaxies with mod-
erate spreads in [Fe/H].
We check the significance of the small [Fe/H] dis-
persions for stars within each group as follows. We
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Figure 5. Toomre diagram in cylindrical coordinates for
our sample of 35 highly r-process-enhanced stars. The cloud
of gray circles centered near Vφ ≈ 220 km s−1 is a collection
of 10,385 disk stars located within 200 pc of the Sun with
−0.25 < [Fe/H] < +0.25. The dashed line represents a total
space velocity of 100 km s−1 relative to the local standard of
rest in the Vφ direction. Each group of stars is indicated by
a different symbol/color combination, as shown in Figure 8
and discussed in Section 5.2.
Table 6. Groups of r-process Enhanced Field Stars
Group Members [Fe/H] [Eu/Fe] [Eu/H]
A HE 0430−4901 −2.72 +1.16 −1.56
CS 22958-052 −2.42 +1.00 −1.42
HD 221170 −2.18 +0.80 −1.38
J15271353−2336177 −2.15 +0.70 −1.45
B J235718.91−005247.8 −3.36 +1.92 −1.44
CS 31082-001 −2.90 +1.63 −1.27
SMSS J051008.62−372019.8 −3.20 +0.95 −2.25
HE 1430+0053 −3.03 +0.72 −2.31
C J21064294−6828266 −2.76 +1.32 −1.44
CS 22945-017 −2.73 +1.13 −1.60
J15582962−1224344 −2.54 +0.89 −1.65
CS 22943-132 −2.67 +0.86 −1.81
D HD 222925 −1.47 +1.33 −0.14
HD 20 −1.58 +0.80 −0.78
J01530024−3417360 −1.50 +0.71 −0.79
E CS 22945-058 −2.71 +1.13 −1.58
BD +17◦3248 −2.06 +0.91 −1.15
J00405260−5122491 −2.11 +0.86 −1.25
F HE 2224+0143 −2.58 +1.05 −1.53
CS 29529-054 −2.75 +0.90 −1.85
HD 115444 −2.96 +0.85 −2.11
G CS 22953-003 −2.84 +1.05 −1.79
HE 2327−5642 −2.78 +0.98 −1.80
H J21091825−1310062 −2.40 +1.25 −1.15
J19232518−5833410 −2.08 +0.76 −1.32
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Figure 6. Histograms of the pericentric radii (top), apoc-
entric radii (middle), and maximum distance above or be-
low the Galactic plane (bottom) for the 35 highly r-process-
enhanced stars in our sample. Note that two stars with large
rapo (63
+35
−15 kpc and 434
+140
−138 kpc) and Zmax (48
+22
−10 kpc and
151+61−53 kpc) are not shown in the middle and bottom panels.
draw four [Fe/H] values at random, without replace-
ment, from the 35 stars and compute the sample stan-
dard deviation. We repeat this process 105 times and
compute the probability density distribution. Figure 9
illustrates the results of this test. The top panel indi-
cates the [Fe/H] dispersions for the stars in Groups A,
B, and C, each of which contain four stars. The bottom
panel of Figure 9 illustrates the results of an analogous
test where three [Fe/H] values are drawn at random,
and these results are compared with the [Fe/H] disper-
sions for the stars in Groups D, E, and F, each of which
contain three stars. All six groups have smaller [Fe/H]
dispersions than the median expected dispersion, and
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Figure 7. Results of three different clustering methods applied to the 35 stars in our sample. Different symbol shapes
and colors in each panel indicate the different groups. Each symbol shape and color is only used in a single panel, and these
combinations are not used in other figures. The error bars represent the 16th and 84th percentiles of the distributions. Only the
relationship between E and Jφ is shown, even though the clustering has been performed over four dimensions (E, Jr, Jφ, and
Jz).
the dispersions in Groups A–F are smaller than that of
randomly selected stars in 80.8%, 87.9%, 98.1%, 98.0%,
55.6%, and 80.9% of cases, respectively. The dispersion
in [Eu/H] is also small for many of these groups, and
a similar analysis reveals that it is smaller than that of
randomly selected stars in 99.3%, 29.7%, 93.5%, 54.2%,
74.3%, and 63.6% of cases for Groups A–F, respectively.
We regard this result as evidence that at least some of
these groups are legitimate, and we proceed under this
assumption as a starting point for investigation. Addi-
tional tests of the legitimacy of these groups, such as
searches for more r-process-enhanced stars with similar
kinematics or revisiting the clustering analysis using a
range of Milky Way potentials, would be most welcome.
5.4. The Environment of the R-Process
Environmental constraints on the r-process have been
derived from the ultra-faint dwarf galaxy Ret II (e.g.,
Ji et al. 2016a; Beniamini et al. 2016; Safarzadeh &
Scannapieco 2017) and chemical evolution models of the
Milky Way (e.g., Cescutti et al. 2015; Ishimaru et al.
2015; Shen et al. 2015; Coˆte´ et al. 2018; and references
therein). Astrometry from the Gaia satellite now en-
ables similar constraints to be derived from stars in
the Solar Neighborhood. The highly r-process-enhanced
field stars in our sample may be in situ halo stars, disk
or bulge stars ejected into halo orbits, or accreted from
satellites. A population of stars ejected from the disk
would retain a net prograde rotation. The net rotation
of our sample is consistent with zero (Section 5.1), so it
is unlikely that our sample is dominated by stars ejected
from the disk. An accretion origin is likely for the stars
with large orbital apocenters or retrograde orbits. In
situ or ejected stars are less likely to exhibit structure
in both phase space and metallicity, so the groups iden-
tified in Section 5.2 also favor the accretion scenario.
The 25 stars in groups and the 7 unaffiliated stars with
rapo > 20 kpc or Vφ < 0 km s
−1 constitute the majority
(91%) of the sample, so most if not all of these highly
r-process enhanced stars were likely accreted.
The metallicity range of our sample ([Fe/H] < −1.4)
overlaps with the metal-poor end of the Milky Way disk.
A sizable number of stars with [Fe/H] at least as low
as −2, and possibly lower, are found on disk-like or-
bits (e.g., Ruchti et al. 2011; Kordopatis et al. 2013;
Beers et al. 2014). Many of the known highly r-process-
enhanced stars were identified in non-kinematically se-
lected surveys, and Beers et al. (2000) and Chiba &
Beers (2000) confirm that these surveys contain metal-
poor disk and halo stars. If the occurrence frequency
of highly r-process-enhanced stars is only a function
of [Fe/H], then such stars should also be found among
the disk populations. We find no evidence in our data
to support this assertion. Increasing the number of
highly r-process-enhanced stars with [Fe/H] > −2 with
well-determined distances and kinematics would help to
strengthen this conclusion.
Many r-process events have occurred in the Milky
Way disk, bulge, and globular clusters. This fact is
evident from the observation that stars in these pop-
ulations contain substantial amounts of r-process ma-
terial ([Eu/H] > −1.5), comparable to the most highly
r-process-enhanced stars in our sample. The [Eu/Fe] ra-
tios in disk, bulge, and globular cluster stars are differ-
ent, however, in that they rarely exceed [Eu/Fe] ≈ +0.6
(e.g., Gratton et al. 2004; Johnson et al. 2012; Battistini
& Bensby 2016). This observation suggests that the dif-
ference between these populations and the halo stars we
have identified may be the timescales of producing Fe.
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Figure 8. Groups of field r-process-enhanced stars as functions of E, Jr, Jφ, and Jz. Each group of stars is indicated by a
different symbol/color combination, as indicated in the legend. The small white circles indicate stars that were not conclusively
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Consequently, environments with lower star-formation
efficiencies that produce less Fe, like dwarf galaxies,
may be necessary to produce extreme ([Eu/Fe] ≥ +0.7)
r-process enhancement. This conclusion suggests that
the key to obtaining highly r-process-enhanced stars
may be the environment where the r-process occurs, not
the nature of its site. A single site, such as neutron-star
mergers, could dominate r-process production in all en-
vironments.
5.5. The Nature of the Progenitor Satellites
The kinematics and abundances of the accreted stars
in our sample also help reveal the nature of their progen-
itor satellites. Simulations by Wetzel (2011) and van den
Bosch et al. (2016) find that satellites accreted at higher
redshifts are more radial, have smaller orbital radii, and
are more tightly bound to the host than those accreted
at lower redshifts. The simulations of Rocha et al. (2012)
revealed that satellites with earliest infall times were the
most tightly bound at z = 0. Rocha et al. anticipated
that a similar relation for tidal streams could exist, al-
though dynamical friction can complicate this simple
picture (see also Amorisco 2017). The orbital pericen-
ters of all stars in our sample are much smaller than
that of Ret II (29+4−6 kpc, Simon 2018; 20± 5 kpc, Fritz
et al. 2018) and most of the surviving low-mass dwarf
galaxies, whose orbital pericenters are located ∼ 10–
100 kpc from the Galactic center (Fritz et al.). Many of
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the highly r-process-enhanced stars in our sample likely
originated in progenitor systems with small pericentric
radii that caused them to disrupt much earlier than the
surviving dwarf galaxies.
The similarity between the [Eu/Fe] and [Eu/H] ra-
tios found in Ret II and highly r-process-enhanced field
stars (Figure 1) suggests a common mass scale between
lower-mass dwarf galaxies and the progenitor satellites
of highly r-process-enhanced field stars. Seven of the
eight groups we have identified have mean metallici-
ties −3.2 < [Fe/H] < −2.2, as illustrated in Figure 10.
If these metallicities are representative of the progeni-
tor systems, then the galaxy luminosity-metallicity re-
lation predicts satellite progenitors with MV & −9 or
logL . 5.5 (Kirby et al. 2008; Walker et al. 2016). This
scale includes ultra-faint dwarf galaxies, like Ret II, and
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Figure 10. Comparison of the mean metallicities of Groups
A–H with the galaxy luminosity-metallicity relation for Lo-
cal Group galaxies. Only galaxies with spectroscopically-
determined mean metallicities are shown. The names of a
few representative galaxies are indicated. The data for the
Local Group galaxies are adopted from McConnachie (2012),
Kirby et al. (2015, 2017a,b), Koposov et al. (2015a,b, 2018),
Laevens et al. (2015), Martin et al. (2015, 2016), Walker
et al. (2015, 2016), Kim et al. (2016), Caldwell et al. (2017),
Carlin et al. (2017), Li et al. (2017), Simon et al. (2017), and
Torrealba et al. (2018).
low-luminosity classical dwarf spheroidal galaxies, like
Dra and UMi, which are also known to host a handful
of highly r-process-enhanced stars (Shetrone et al. 2001;
Aoki et al. 2007; Cohen & Huang 2009, 2010; Tsujimoto
et al. 2017).
It seems unlikely that the high level of r-process en-
hancement in Group D stars would be found in all
stars in a progenitor of mass comparable to Scl (M∗ ≈
2.3× 106 M; McConnachie 2012), because few known
field r-process-enhanced stars have such high metallici-
ties. The small metallicity dispersion of Group D is rem-
iniscent of a globular cluster, but the stars in Group D
do not exhibit the light-element chemical signatures in
O, Na, or Al that are found in some globular cluster
populations (Barklem et al. 2005; Roederer et al. 2014b,
2018). We speculate that the stars in Group D may have
formed in a relatively dense clump of gas in close prox-
imity to an r-process event in the progenitor system.
We also estimate the initial stellar mass of these sys-
tems using the [Eu/H] ratios and theoretical r-process
yields from neutron-star mergers. The total stellar mass,
M∗, is given by
M∗ = εSF Mr,ej fr,Eu A−1Eu fkeep 10
12−[Eu/H]. (2)
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We assume that the r-process material is diluted into
H, but only some fraction of this gas will be converted
into stars. Here, εSF is the star formation efficiency,
defined from 0 to 1 as the fraction of gas converted to
stars. This value is expected to be low in satellites found
in low-mass halos (Behroozi et al. 2013), and we adopt
εSF = 0.01. Mr,ej is the mass inM of r-process material
ejected. For a neutron-star merger, Mr,ej ∼ 0.005 M,
which is the yield of dynamical wind ejecta with low
electron fractions (Ye) that will produce nuclei at and
between the second and third r-process peaks, including
Eu (see Coˆte´ et al. 2018, and references therein). The
term fr,Eu represents the mass fraction of Eu among the
r-process material, which is ≈ 0.006 by mass for nuclei
at and beyond the second r-process peak (Z ≥ 52; cf.
Roederer et al. 2012b) when adopting the Solar r-process
residuals (Sneden et al. 2008). AEu is the average mass
of Eu in atomic mass units, which is ≈ 152 for the Eu
isotopic ratios found in the Sun and r-process enhanced
metal-poor stars (e.g., Sneden et al. 2002). The term
fkeep is the fraction of r-process material retained by the
system, which depends on factors like the location of the
event within the satellite’s potential well (Safarzadeh &
Scannapieco 2017). We adopt fkeep = 1 (Beniamini et al.
2018). [Eu/H] is the average stellar abundance ratio for
each group.
Our calculation makes several simplifying assump-
tions. We assume that all stars formed after the in-
jection of r-process material, which is a reasonable ap-
proximation for the fraction of stars that are r-process
enhanced in Ret II, but it cannot be strictly correct.
We calculate M∗ values at the time of star formation,
and these values would be smaller by . 40% today be-
cause stars with M & 0.8 M have evolved and lost
a substantial fraction of their initial mass. We ignore
this small correction when comparing the initial stel-
lar masses of the satellite progenitors with the masses
of present-day dwarf galaxies. Under these assump-
tions, the mean [Eu/H] ratios in the eight groups predict
M∗ ∼ 0.7–10×104 M. These masses are comparable to
the stellar masses of ultra-faint dwarf galaxies, like Com
(M∗ ≈ 7× 103 M) or Her (M∗ ≈ 5× 104 M; Martin
et al. 2008). These order-of-magnitude mass estimates
match those from the luminosity-metallicity relation.
6. CONCLUSIONS
Traditional chemical tagging relies on the existence
of chemically homogeneous populations of stars (e.g.,
Freeman & Bland-Hawthorn 2002). We instead use
field stars that are highly enhanced in r-process ele-
ments ([Eu/Fe] ≥ +0.7) to characterize the environ-
ments where the r-process occurred. We examine the
three-dimensional velocities, integrals of motion, energy,
and orbits of 35 highly r-process-enhanced stars with
parallax errors <12.5% in the Gaia DR2 catalog.
More than 77% of the 35 highly r-process-enhanced
stars are on eccentric (e > 0.5), radial orbits. About
66% of the stars are on orbits that remain within the
inner regions of the halo (< 13 kpc), and more than
51% of the stars pass within 2.6 kpc of the Galac-
tic center. At the other extreme, 20% of the stars
have orbital apocenters > 20 kpc, including one star
(SMSS J024858.41−684306.4) whose orbital apocenter
is larger than the Milky Way virial radius. None of the
stars have disk-like kinematics, despite the fact that the
metal-rich end of our sample overlaps with the metal-
poor end of the disk. Roughly equal numbers of stars are
moving radially inward and outward, north and south,
and prograde and retrograde, indicating that a substan-
tial amount of phase-mixing has occurred.
We identify eight candidate kinematic groups of field
r-process-enhanced stars based on structure in their or-
bital energies and integrals of motion. These groups
show smaller [Fe/H] (and sometimes [Eu/H]) dispersion
than would be expected by random chance. The or-
bital properties, clustering in phase space, and lack of
highly r-process-enhanced stars on disk-like orbits indi-
cate that many, if not all, highly r-process-enhanced field
stars originated in satellites that were later disrupted by
the Milky Way. The dwarf galaxy luminosity-metallicity
relation predicts satellite progenitors with MV & −9
or logL . 5.5 based on the low mean metallicities of
seven of the eight groups. Theoretical r-process yields of
neutron-star mergers and the stellar [Eu/H] ratios pre-
dict stellar masses ∼ 0.6–10×104 M for the progenitor
systems when a number of simplifying assumptions are
made. These scales favor ultra-faint dwarf galaxies or
low-luminosity dwarf spheroidal galaxies as the birth-
places of highly r-process-enhanced stars.
Comparable levels of r-process enhancement ([Eu/H]>
−1.5) are found in the r-process-enhanced field stars and
disk and globular cluster populations, but stars with
[Eu/Fe] ≥ +0.7 are only found among stars with halo
orbits. This observation suggests that [Eu/Fe] ≥ +0.7
may represent a more natural lower limit for classifying
highly r-process-enhanced stars. We suggest that the
distinguishing factor may be the different rates of Fe
production. Environments with lower star-formation ef-
ficiency, like dwarf galaxies, may be necessary to obtain
extreme ([Eu/Fe] ≥ +0.7) r-process enhancement in
subsequent stellar generations. This conclusion allows
for the possibility that a single site, like neutron-star
mergers, could dominate r-process production in all
environments.
The significance of our conclusions can be assessed by
future work. Our study is limited by the small number of
highly r-process-enhanced stars with reliable kinematics
available at present. Efforts like the R-Process Alliance
will identify much larger samples of such stars in the
near future, and these larger samples will help to confirm
or reject the conclusions of our work.
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